ABSTRACT: This study investigated effects of birth weight and postnatal nutrition on growth and development of skeletal muscles in neonatal lambs. Low (L; mean ± SD 2.289 ± .341 kg, n = 28) and high (H; 4.840 ± .446 kg, n = 20) birth weight male Suffolk × (Finnsheep × Dorset) lambs were individually reared on a liquid diet to grow rapidly (ad libitum fed, ADG 337 g, n = 20) or slowly (ADG 150 g, n = 20) from birth to live weights (LW) up to approximately 20 kg. At birth, weight of semitendinosus (ST) muscle in L lambs was 43% that in H lambs; aggregate weights of ST and seven other dissected muscles were similarly reduced. In ST muscle of L lambs, mass of DNA, RNA, and protein were also significantly reduced to levels 67, 60, and 34%, respectively, of those in H lambs. However, myofiber numbers of ST, tibialis caudalis, or soleus muscles did not differ between the L and H birth weight lambs and did not change during postnatal growth. During postnatal rearing, daily accretion rate of dissected muscle was lower in L than in H lambs. Accretion of muscle
Introduction
Reduced myofiber number in fetal lambs has been reported due to severe maternal undernutrition during early-mid and late pregnancy (Everitt, 1968) or from commencement of gestation (Swatland and Cassens, 1973) . In contrast, moderate undernutrition of ewes 1 50 per kilogram of gain in empty body weight (EBW) was reduced in the slowly grown L lambs compared with their H counterparts, although the difference was less pronounced between the rapidly grown L and H lambs. Throughout the postnatal growth period, ST muscle of L lambs contained less DNA with a higher protein:DNA ratio at any given muscle weight than that of H lambs. Slowly grown lambs had heavier muscles at any given EBW than rapidly grown lambs. Content of DNA and protein:DNA ratio in ST muscle were unaffected by postnatal nutrition, but RNA content and RNA:DNA were greater and protein:RNA was lower at any given muscle weight in rapidly grown lambs. Results suggest that myofiber number in fetal sheep muscles is established before the presumed, negative effects of inadequate fetal nutrient supply on skeletal muscle growth and development become apparent. However, proliferation of myonuclei may be influenced by fetal nutrition in late pregnancy. Reduced myonuclei number in severely growth-retarded newborn lambs may limit the capacity for postnatal growth of skeletal muscles. during early pregnancy did not affect muscle development of offspring (Nordby et al., 1987) , and myofiber number was unaffected in twin fetuses that were 11% lighter than singletons at 140 d of gestation (McCoard et al., 1997) .
Despite these studies, it has not been conclusively established whether myofiber number is reduced by more commonly encountered conditions, such as growth retardation due to placental insufficiency or moderate undernutrition during late gestation when rapid fetal growth normally occurs. Most, if not all, studies that 5 kg  2  2  2  2  10 kg  2  2  2  2  15 kg  2  2  2  2  20 kg  2  2  2  2 a See Experimental subsection of Materials and Methods, and see Greenwood et al. (1998) . have estimated myofiber number in large animals (for example, Everitt, 1965) have not published validation of enumeration techniques; hence, adequacy of sample size and(or) sampling procedures is unknown. It also remains to be determined whether fetal growth retardation of sheep affects myonuclei or muscle DNA content at birth and during postnatal life. Muscle DNA accretion between 70 and 140 d of gestation was reduced in twin compared with single fetal lambs, but maternal nutrition at 1.5 or 2× maintenance had little effect (Rattray et al., 1975) . Furthermore, no studies have estimated numbers of myofibers and myonuclei in prenatally growth-retarded animals, apart from Beermann (1983) in rats, or have assessed their relative contributions to postnatal muscle growth following fetal growth retardation.
This study tested the hypotheses that muscle mass is reduced by fetal growth retardation, and the degree to which it is reduced is influenced by postnatal nutrition. The study also assessed the extent to which myofiber number and myonuclei number underlie differences in muscle growth, and this article reports and discusses a sampling technique aimed at minimizing error in estimating myofiber number.
Materials and Methods
Experimental. The experimental animals, experimental design (Table 1) , rearing system, growth characteristics, slaughter procedures, and determination of empty body weight (EBW) were described in detail by Greenwood et al. (1998) . All experimental animals were male Suffolk × (Finnsheep × Dorset) lambs removed from ewes at birth. Forty-eight lambs were selected on the basis of their low (L; mean ± SD 2.289 ± .341 kg, n = 28) or high (H; 4.840 ± .446 kg, n = 20) birth weights. Baseline animals consisted of four low-(Base-L) and four high-(Base-H) birth weight lambs that were killed within 4 h after birth. The remaining lambs were reared artificially on lamb milk replacer offered either ad libitum (rapidly grown, ADG 337 g, n = 20) or in amounts to sustain growth at approximately 150 g/d (slowly grown, n = 20). Eight lambs (two from each birth weight/ growth rate group) were killed at approximately 7.5, 10, 15, and 20 kg of live weight (LW). A further four slowly grown (BWE-L) and four rapidly grown (BWE-H) low-birth weight lambs were killed at a LW equivalent to the birth weight of the Base-H group. All procedures were performed with the approval of the Cornell University Institutional Animal Care and Use Committee.
Dissected Muscles. The right semitendinosus (ST), extensor digitorum lateralis (EDL), peroneus longus (PL), soleus (SOL), flexor digitorum longus (FDL), deep digital flexor (DDF; flexor hallucis longus), tibialis caudalis (TC), and extensor carpi radialis (ECR) muscles were dissected from each lamb immediately after slaughter and weighed. In small lambs, the left ST was also dissected to provide adequate sample for tissue analyses.
Total DNA, RNA, and Protein Concentration. Samples of ST were removed from lambs immediately after slaughter for measurement of concentrations of nucleic acids and protein. Midbelly samples, or, for very small lambs, entire muscles, were wrapped in aluminum foil, frozen in liquid nitrogen, and stored at −80°C.
Total tissue RNA and DNA were extracted in triplicate from pulverized frozen samples using a method based on the original procedures of Schmidt and Thannhauser (1945) , as detailed by Ehrhardt (1992) . Standards were prepared using calf thymus DNA and calf liver RNA (Sigma Chemical Company, St Louis, MO), which were added to ddH 2 O, heated at 37°C for 1 h, vortexed, and sonicated for 30 s. The standards containing DNA and RNA were read against blanks at 260 nm, and concentrations of DNA and RNA were determined using their extinction coefficients (Lawson et al., 1988) . The DNA concentration in muscle extracts was measured by reaction with diphenylamine (Burton, 1956) . The within-assay and between-assay CV for DNA measurement were 5.1 and 9.0%, respectively. The RNA concentration in muscle extracts was determined with the orcinol (Bial's) test for pentoses (Dische and Schwartz, 1937) . The within-assay and betweenassay CV for RNA measurement were 4.2 and 13.8%, respectively.
Muscle protein concentration was measured using the BCA protein assay (Pierce, Rockford, IL) following solubilization of duplicate samples of muscle homogenates in .5% lauryl sulfate/.6 N NaOH by heating at 60°C for 30 min. Bovine serum albumin was used as the protein standard. The within-assay and betweenassay CV were 2.7 and 1.0%, respectively.
Histochemistry and Immunohistochemistry.
Midbelly transverse samples (approximately 1 cm long) were cut from SOL and TC for each lamb. For each of the baseline and BWE lambs, transverse samples approximately 1 cm long were taken from the cylindrical part of the right ST, adjacent to the tapering portions at each end of the muscle. Each muscle sample was mounted on a cork block labeled to show the orientation of the muscle. Samples were frozen by immersion in isopentane cooled to approximately −160°C in liquid nitrogen, before storage at −80°C.
Connective tissue of an entire ST was digested using 1.6 N HNO 3 to confirm the presence of separate muscle bellies. These contained parallel bundles of fibers, proximal and distal to a band of connective tissue at about one-third the muscle length from the proximal end. This band was also clearly visible when ST muscles were stained for cholinesterase, using the procedure of Ypey (1978) except that the muscle was stored short-term in neutral buffered formalin, the incubation solution contained .1 M sodium phosphate buffer at pH 6.4, and the muscle was incubated for 24 h at 4°C. Before processing ST samples from each lamb, proximal and distal sections from the ST of one lamb were prepared, stained, and enumerated to determine apparent fiber number and proportion of Type II, presumed fast and Type I, slow fibers in the two regions (see below). The proximal section had a lower apparent myofiber number than the distal section (466,857 vs 536,646 cells, respectively) . Distal sections were subsequently used to avoid any likelihood of error due to the connective tissue band, which may have contributed to lower apparent myofiber number in the proximal section. No difference in the proportion of fiber types was evident between the proximal and distal sections (89.9 vs 89.0% fast fibers, respectively).
Histochemistry, immunohistochemistry, and myofiber enumeration and classification as fast or slow fiber types were performed on ST, SOL, and TC. For histochemistry, two batches of eight 10-m-thick cross-sectional serial sections were cut. Two additional serial sections, which were kept frozen at −20°C until commencement of the procedure, were used for immunolocalization of fast and slow myosin heavy chain isoforms. Apparent myofiber number and type in ST were determined for all baseline and BWE lambs, but not for heavier lambs due to the large size of this muscle precluding preparation of entire cross-sections. Myofiber number and type in SOL of all baseline, BWE-L, and BWE-H lambs, and the 7.5-and 20-kg lambs from each treatment group (LL, LH, HL, and HH) were determined. The two lightest Base-L, the two heaviest Base-H, and the 7.5-and 20-kg lambs from each treatment group were also assessed for apparent myofiber number and type in TC, with the objective of assessing changes in proportion of myofiber types in TC and SOL over the duration of the study.
In groups of four, 16 cross-sections from each muscle were stained for myofibrillar ATPase (mATPase) activity at pH 9.4, following an alkaline preincubation at pH 10.3, or acidic preincubation at pH 4.3, 4.4, or 4.5 (Padykula and Herman, 1955; Guth and Samaha, 1970) . The pH range for the acid preincubation was chosen to allow for slight environmental effects and still enable clear differentiation of fast and slow myofibers.
Presence of specific myosin heavy chain isoforms was revealed by incubation with monoclonal antibodies and a labeled-[Strept]-avidin-biotin detection system (Zymed Laboratories, South San Francisco, CA). Monoclonal antibodies to fast (MY-32, Sigma Chemical Company; diluted 1:400) and slow (NCL-MHCs, Novocastra, Newcastle upon Tyne, UK; diluted 1:80) myosin heavy chains were used for this purpose.
Classification of Myofibers.
Fibers that stained positively (dark) for acid-preincubated mATPase activity (acid-stable mATPase) were classified as slow fibers. Negatively or less intensively stained (acid-labile mATPase) fibers were classified as fast fibers (Dubowitz and Brooke, 1973) . Results were validated (Greenwood, 1997) using alkaline preincubated mATPase activity (alkali-stable or -labile mATPase) and the antibodies against fast and slow myosin heavy chains.
Enumeration of Myofibers. Muscle cell number in SOL
was determined by counting all myofibers in acid mATPase midbelly cross-sections. A montage of each cross-section was prepared for this purpose using Image 1.54 (available as free software from the National Institute of Health, written by W. Rasband). The proportion of fast and slow myofibers in SOL was also determined using alkali mATPase cross-sections. For larger muscles with greater myofiber number, apparent number of muscle cells was determined by counting the cells in a proportion of the total cross-sectional area. Approximately 10% of the cross-sectional area (mean ± SD, 80 ± 24 fields) of ST was counted, and for TC, approximately 20% of the cross-sectional area (53 ± 17 fields) was counted. The error associated with estimation of myofiber number was determined with the following validation procedure.
A complete, acid-preincubated, mATPase-stained TC cross-section was magnified by 55×, and its cross-sectional area was determined by image analysis. The section was then magnified by 400× to obtain adequate resolution to count individual myofibers. Fields representing the entire cross-section were printed using the image analysis program, and a montage of the entire cross-section produced. A referenced grid was overlaid on the montage, and the number of muscle cells in all grid squares, each representing 1% of the total crosssectional area, were counted. Each grid reference and its corresponding myofiber count was then entered into a computer spreadsheet program (Excel, version 5.0, Microsoft Corporation, Redmond, WA) and randomized to determine the location of fields from which apparent muscle fiber number was then determined. To determine the level of error associated with counting various proportions of the cross-sectional area, 20 independent randomizations were performed at each proportion of the cross-sectional area, ranging from 1 to 100% (Figure 1) .
To determine apparent myofiber number of ST and TC samples, the cross-sectional area of an acid-preincubated, mATPase-stained section was measured. A lowmagnification montage of the section was prepared and Figure 1 . Error in estimation of number of myofibers in a complete muscle cross-section, determined by counting proportions of the total cross-sectional area ranging from 1 to 100%. Each data point represents the mean ± SD percentage error from the actual number of myofibers. Error for estimates at each fraction of the total area was determined from 20 independent randomizations of counts from individual fields, each comprising 1% of the cross-sectional area.
a referenced grid overlaid. The magnification (300× to 600×) required to obtain adequate resolution for counting myofibers was then determined. The area of an individual field within the cross-section was measured at that magnification, and the number of fields required to count the required proportion of the total area was calculated. Location of fields to be counted was determined using the above-mentioned randomization procedure.
Dark-and lighter-staining cells were counted manually by a team of volunteers overseen by the authors. Cells were counted manually rather than by image analysis because of the inability of the program to discriminate between muscle fibers when they were packed at sufficient density to preclude the discernment of cellular margins.
Calculations. The EBW and gain in EBW and weight of muscle or muscle components were calculated as described by Greenwood et al. (1998) . Predicted muscle and component weights and indices of cellular development at completion of the rearing period (17.5 kg EBW, Tables 3 and 5) were determined by regressing the data for each item on EBW (linear and, when significant, quadratic terms) separately for each treatment group (slowly and rapidly reared L lambs, n = 16 per group; slowly and rapidly reared H lambs, n = 12 per group) to enhance the precision of the estimates.
Statistical Analyses. Statistical analyses for the rearing period to 20 kg LW, of relationships between birth weight and myofiber numbers or between numbers of myofibers in different muscles, and to determine the contribution of myofiber number and(or) muscle DNA content to variation in muscle mass, were performed using a generalized linear model.
Effects of birth weight and postnatal nutrition on gain or mass of muscle, muscle components, or indices of cellular development were tested using models that contained birth weight and postnatal nutritional categories and their interaction. Effects of birth weight category were also tested separately within the slowly and rapidly reared groups, and effects of postnatal nutritional categories were tested separately within the L and H groups. These statistical models included as covariates birth type (litter size) and either age, EBW, ST weight, or gain in EBW (including for each of these covariates, linear and, when significant, quadratic terms), as appropriate. Effects on muscle components and indices of cellular development were tested on a weight-of-ST basis to determine whether there were effects on muscle transcriptional and translational capacity and efficiency, independent of effects on body composition identified previously (Greenwood et al., 1998) . Significance of effects was established by removal of nonsignificant sources of variation (P > .10), until only significant effects (P < .05) and effects that tended toward significance (P < .10) remained in the model, unless nonsignificant sources of variation contributed to significant interactions and(or) curvilinear effects or had a significant influence on the multiple coefficient of determination (R 2 ). For models that included baseline data, F-ratios in the final models were adjusted by increasing the error sum of squares and by reducing the error (residual) degrees of freedom to account for the duplication of the baseline groups. In all models, there was no significant effect of birth type.
Comparisons between Base-H and Base-L lambs, or between L and H lambs for myofiber number were performed using Student's t-test (one-tailed). Contrasts among Base-H, BWE-L, and BWE-H lambs were performed using Fisher's protected LSD procedure (Lyman Ott, 1993) , rather than Student's t-test, in order to redefine the error term and reduce the probability of erroneously rejecting the null hypothesis.
In all analyses, statistical significance was accepted at the 5% level, and tendency toward significance at the 10% level.
Results

Weight and Growth of Dissected Muscle
Weight at Birth. Mean absolute fresh weight of dissected muscles in Base-L lambs was approximately 40% of that in Base-H lambs (Table 2) . Muscle weight relative to EBW was reduced for EDL (P = .040) and tended to be reduced for PL (P = .075) and the dissected muscles combined (P = .090) in Base-L compared with Base-H lambs, but not for ST (P = .18), SOL (P = .33), TC (P = .28), FDL (P = .34), DDF (P = .17), and ECR (P = .32).
Weight at . Combined weight of the eight dissected muscles was greater in the BWE-L than the BWE-H and Base-H lambs (Table 2) . Lambs in the BWE-L group had heavier ST, TC, FDL, and DDF muscles but tended to have lighter EDL and ECR muscles than Base-H lambs at slaughter. Lambs in the BWE-H group had lighter SOL and ECR, tended to have lighter EDL, and had heavier DDF than Base-H lambs at slaughter. The BWE-L lambs had heavier ST, SOL, FDL, and DDF than the BWE-H lambs.
Effects of Birth Weight on Growth
Rates from Birth to 20 kg LW. Daily rate of gain of muscle was greater for the H compared with the L lambs for ST (P = .003), EDL (P = .028), ECR (P = .049), and for the dissected muscles combined (P = .007). There was a tendency for an interaction between birth weight and nutrition categories for daily rate of growth of PL (P = .063; all other P > .11).
Within the rapidly reared groups, H lambs had greater daily rates of gain for ST (P = .004), EDL (P = .039), PL (P = .018), ECR (P = .042), and the dissected muscles combined (P = .009) than the L lambs (all other dissected muscles P > .17). Within the slowly reared groups, H lambs had greater daily rates of gain for ST (P = .020) and for the dissected muscles combined (P = .009). There were no significant differences due to birth weight in growth rate of the other dissected muscles (all P > .11). 
Effects of Birth Weight on Growth Per Kilogram of Gain in EBW from Birth to 20 kg LW.
High-birth weight lambs grew more muscle (Table 3) per kilogram of gain in EBW compared with the L lambs for ST (P = .015) and the dissected muscles combined (P = .020), and there was a tendency for birth weight to affect accretion of EDL (P = .075). There was a significant interaction between birth weight and nutrition categories for DDF (P = .007). No significant effects of birth weight on accretion per kilogram of gain in EBW were apparent for the other dissected muscles (all P > .16).
Within the rapidly reared groups, there was a tendency for H lambs to grow more ST per kilogram of gain in EBW than the L lambs (P = .061), but no other significant effects of birth weight on muscle growth per kilogram of gain in EBW were evident (all P > .17). Within the slowly reared groups, H lambs grew more ST (P = .009), EDL (P = .017), DDF (P = .023), ECR (P = .021), and dissected muscles combined (P = .001) per kilogram of gain in EBW (all P > .18 for the other dissected muscles).
Effects of Postnatal Nutrition on Growth Rates from
Birth to 20 kg LW. The rapidly reared lambs had a higher growth rate for all individual and the combined dissected muscles (all P < .001) except for SOL (P = .058), which tended to grow faster in the rapidly compared with the slowly reared animals.
Within the H and L groups, muscle growth rate was greater in the lambs reared rapidly compared with their slowly reared counterparts for all individual dissected muscles and for the dissected muscles combined (all P < .009) except for SOL (P = .269 and .120, respectively).
Effects of Postnatal Nutrition on Growth Per Kilogram of Gain in EBW from Birth to 20 kg LW. Lambs reared
slowly grew more muscle per kilogram of gain in EBW than those reared rapidly for all individual dissected muscles and for the dissected muscles combined (all P < .020), except for FDL for which a tendency toward increased gain in the slowly reared lambs was evident (P = .093).
Within the H groups, lambs reared slowly grew more ST (P = .005), DDF (P = .003), TC (P = .028), ECR (P = .018), and dissected muscles combined (P = .004) and tended to grow more EDL (P = .086) per kilogram of gain in EBW than those reared rapidly (for the other dissected muscles all P > .28). Within the L groups, slowly reared lambs gained more ST (P = .013), SOL (P = .003), PL (P = .016), DDF (P = .037), ECR (P = .002), and dissected muscles combined (P = .001), and tended to grow more FDL (P = .076), per kilogram of gain in EBW than those reared rapidly (for EDL, P = .103 and for TC, P = .101).
Muscle Nucleic Acids and Protein
At Birth. Base-L lambs had smaller ST (P = .001) that contained less DNA (P = .004), RNA (P = .045), and protein (P = .001) than those of Base-H lambs (Table  4) . Protein concentration (P = .001), protein:DNA ratio (P = .001), and protein:RNA ratio (P = .041) were lower in ST of the Base-L lambs. Concentration of DNA (P = .016) was greater in ST of Base-L lambs, and concentration of RNA (P = .12) and RNA:DNA ratio (P = .24) did not differ significantly due to birth weight.
At High-Birth Weight Equivalence (approximately 4.8 kg EBW). The BWE-L and BWE-H lambs had lower
DNA concentrations in ST muscle than did Base-H lambs, but muscle DNA content was not different among groups (Table 4) . Muscle RNA concentration was lower in BWE-L than in Base-H lambs, with intermediate concentration in BWE-H lambs; RNA content was not different among groups. Muscle protein concentration was lower in BWE-H lambs than in the other two groups, and protein content was greater in BWE-L than in Base-H or BWE-H lambs. Protein:DNA ratio was also greater in BWE-L lambs than in the other two groups; neither protein:RNA nor RNA:DNA ratios were significantly different among groups.
Effects of Birth Weight on Muscle DNA to 20 kg LW.
Daily accretion of DNA in ST was greater in H compared with L lambs (P < .001). Accretion of DNA in ST per kilogram of gain in EBW tended to be greater in H compared with L lambs (P = .093), and there was less DNA in ST of the L lambs at any given EBW (P = .009, Table 5 and Figure 2 ) or weight of ST (P = .001, Figure  2 ) during rearing.
Within the rapidly reared groups, there were no significant effects of birth weight on accretion of DNA in ST per day (P = .125) or per kg EBW gain (P = .884), although there was less DNA in ST of these L compared with H lambs at any given EBW (P = .035, Table 5 ) or weight of ST (P = .011). Within the slowly reared groups, accretion of DNA in ST was reduced in the L compared with H lambs on a per day (P = .039) and a per kilogram of gain in EBW (P = .019) basis, resulting in less DNA at any given EBW (P = .020, Table 5 ) or weight of ST (P = .006).
Effects of Birth Weight on Muscle RNA to 20 kg LW.
Daily accretion of muscle RNA was greater in H com- pared with L lambs (P = .023). Accretion of RNA in ST per kilogram of gain in EBW tended to be greater in H compared with L lambs (P = .051), and there was less RNA in ST of L lambs at any given EBW (P = .010, Table 5 ). Low-birth weight lambs had less RNA (P < .05), and there was a tendency toward an interaction between birth weight and nutrition categories, on an ST weight basis (P = .067). Within the rapidly reared groups, the H lambs gained more RNA in ST per day (P = .003) but not per kilogram of gain in EBW (P = .13). In these animals, there was less RNA in ST of L compared with H lambs at any given EBW (P = .008, Table 5 ) or weight of ST (P = .001). Within the slowly reared groups, accretion of RNA in ST did not differ due to birth weight either per day (P = .70) or per kilogram of gain in EBW (P = .51), although the L lambs had less RNA on an EBW (P = .031, Table  5 ) or weight of ST (P = .013) basis.
Effects of Birth Weight on Muscle Protein to 20 kg LW. Daily protein accretion was greater in H compared
with L lambs (P = .018) and tended to be greater per Values are derived from regression equations for each item within each birth weight and nutrition category using an empty body weight of 17.5 kg (see Calculations subsection of Materials and Methods).
kilogram of gain in EBW (P = .059). The amount of protein in ST did not differ due to birth weight on an EBW basis (P = .78), although there was an interaction between birth weight and nutrition categories on a weight-of-ST basis (P = .014).
Within the rapidly reared groups, H lambs gained more protein in ST per day (P = .005) and per kilogram of gain in EBW (P = .046) than the L lambs. The amount of protein in ST did not differ due to birth weight on an EBW basis (P = .38) but was greater in the H lambs on an ST weight basis (P = .017). Within the slowly reared groups, differences due to birth weight were not apparent for protein accretion in ST per day (P = .16), or in the amount of protein in ST on an EBW (P = .70) or weight of ST (P = .30) basis. However, accretion of protein in ST per kilogram of gain in EBW tended to be greater in the H lambs (P = .078). Table 1 ). For the analysis of variance to test the effect of birth weight (P = .001), DNA mg = 4.33 + 2.29 × birth weight category + .365 × semitendinosus (g), pooled SE = .49 mg and R 2 = .919, where low-birth weight category lambs = 1 and high-birth weight category lambs = 2. rapidly reared groups, protein:DNA tended to be greater in L lambs on an EBW basis (P = .086), but it did not differ on an ST weight basis (P = .29). Within the slowly reared groups, protein:DNA was greater in the L lambs on an EBW basis (P = .008) and tended to be greater on a weight of ST basis (P = .051).
Effects of Birth Weight on Muscle
Effects of Birth Weight on Muscle Protein:RNA Ratio to 20 kg LW.
The protein:RNA ratio in ST of L lambs was greater than in ST of the H lambs on an EBW (P = .003) and ST weight basis (P = .001). Within the rapidly reared groups, protein:RNA tended to be higher in the L lambs on an EBW basis (P = .052) and was higher on a weight of ST basis (P = .031). Within the slowly reared groups, protein:RNA was greater in the L lambs at any given EBW (P = .020) or weight of ST (P = .036).
Effects of Birth Weight on Muscle RNA:DNA Ratio to 20 kg LW. The RNA:DNA ratio did not differ due to birth weight on an EBW (P = .19, Table 5 ) or weight of ST basis (P = .14), although there was a tendency toward an interaction between birth weight and nutrition categories on an EBW basis (P = .078). Within the rapidly and slowly reared groups, RNA:DNA did not differ due to birth weight at any given EBW (P = .20 and .72, respectively) or weight of ST (P = .14 and .71).
Effects of Postnatal Nutrition on Muscle DNA to 20 kg LW.
Daily accretion of muscle DNA was greater in rapidly compared with slowly reared lambs (P < .05).
Slowly reared lambs gained more DNA than rapidly reared lambs per kilogram of gain in EBW (P = .007), resulting in more DNA in these animals at any given EBW (P = .008, Table 5 ), but not on an ST weight basis (P = .77). When both EBW and age were included in regression analyses, variation in DNA content explained 19.6% of the variation in weight of ST.
Within the L and H groups, daily accretion of DNA was greater in rapidly reared lambs (P = .002 and .003, respectively) compared with the equivalent slowly reared animals. On a basis of per-kilogram-gain in EBW, slowly reared lambs gained more DNA in ST compared with the rapidly reared lambs within the H (P = .010) but not within the L (P = .24) groups. Within the H groups, there was more DNA in ST at any given EBW in the slowly compared with the rapidly reared lambs (P = .005, Table 5 ), but not at any given weight of ST (P = .43). Within the L groups, differences in the amount of DNA in ST due to postnatal nutrition were not evident on an EBW (P = .19) or ST weight (P = .65) basis.
Effects of Postnatal Nutrition on Muscle RNA to 20 kg LW.
Daily accretion of RNA in ST was greater in rapidly compared with slowly reared lambs (P < .001). Rapidly reared lambs gained more muscle RNA than slowly reared lambs per kilogram of gain in EBW (P = .018), and there was more RNA in muscle of these ani- Figure 3 . Protein:DNA ratio in semitendinosus muscle of low-(᭺, L) and high-(᭹, H) birth weight lambs reared to live weights up to approximately 20 kg, plotted against muscle weight. Data include all baseline and rapidly and slowly reared low-(n = 28) and high-(n = 20) birth weight lambs (see Table 1 ). For the analysis of variance to test the effect of birth weight (P = .021), protein:DNA = 71.7 − 23.5 × birth weight category + 9.68 × semitendinosus
, pooled SE = 7.24 and R 2 = .880, where low-birth weight category lambs = 1 and high-birth weight category lambs = 2. mals on an EBW (P < .001, Table 5 ) and ST weight (P = .000) basis.
Within the L groups, rapidly reared lambs gained more RNA in ST per day (P < .001) than the slowly reared lambs, but there was no difference due to postnatal nutrition in accretion of RNA per kilogram of EBW gain (P = .22). In these lambs, no difference between slowly and rapidly reared lambs was evident for the amount of muscle RNA on an EBW basis (P = .18, Table  5 ), although the rapidly reared lambs had more RNA at any given weight of ST (P = .001). Within the H groups, rapidly reared lambs gained more RNA in ST per day (P < .001) and per kilogram of gain in EBW (P = .047), and had more muscle RNA on an EBW (P < .001, Table 5 ) and an ST weight basis (P = .032).
Effects of Postnatal Nutrition on Muscle Protein to 20
kg LW. Protein accretion in ST was greater in rapidly reared lambs per day (P < .001) but less per kilogram of gain in EBW (P < .001) than in the slowly reared lambs. The slowly reared lambs had a greater amount of protein in ST on an EBW basis (P < .001, Table 5 ), but not on an ST weight basis (P = .80).
Within the H groups, daily accretion of protein in ST was greater in the rapidly reared lambs (P < .05), but was greater per kilogram of gain in the slowly reared lambs (P = .012). These slowly reared animals had more protein in ST on an EBW basis (P = .011, Table 5 ) but not on an ST weight basis (P = .19). Within the L groups, daily protein accretion in ST was greater in the rapidly reared lambs compared to their slowly reared counterparts (P = .001), but the slowly reared lambs gained more per kilogram of gain in EBW (P = .009). The amount of protein in ST in these slowly reared lambs was greater on an EBW (P = .009, Table 5 ) and ST weight (P = .043) basis than in the rapidly reared lambs.
Effects of Postnatal Nutrition on Muscle Protein:DNA
Ratio to 20 kg LW. Protein:DNA ratio tended to be greater in slowly compared to rapidly reared lambs on an EBW basis (P = .072, Table 5 ), but did not differ due to postnatal nutrition on a weight of ST basis (P = .60). Within the L groups, slowly reared animals had more protein:DNA on an EBW basis (P = .013, Table 5 ) but not on an ST weight basis (P = .22). Within the H groups, significant differences in protein:DNA due to postnatal nutrition were not evident on an EBW (P = .99, Table  5 ) or weight of ST (P = .11) basis.
Effects of Postnatal Nutrition on Muscle Protein:RNA
Ratio to 20 kg LW. Protein:RNA ratio was greater in slowly reared lambs compared with those reared rapidly on an EBW (P < .05, Table 5 ) and weight of ST basis (P < .05). Within the L and H groups, protein:RNA was greater in the slowly reared lambs at any given EBW (both P < .05, Table 5 ) or weight of ST (both P = .001). 72.7 ± 6.4 77.1 ± 6.6 P = .63 (10)
Effects of Postnatal Nutrition on
Semitendinosus, × 10
rapidly reared animals at any given EBW (P < .05) and weight of ST (P < .05).
Myofiber Number
There were no differences between birth weight categories in the number of muscle fibers for ST, SOL, and TC, although the number of myofibers in SOL tended to be greater in H lambs (Table 6) .5%, n = 20). No differences in myofiber number due to postnatal age or muscle weight were apparent for the three muscles investigated. When myofiber number, age, and EBW of lambs were included in regression models as independent variables, number of muscle cells contributed .02, 7.4, and .1% of the variation in muscle mass for ST, SOL, and TC, respectively.
Myofiber Type
Proportion of fast and slow myofibers did not differ between L and H lambs at birth for ST (90.0 ± 1.1 vs 87.5 ± .9% fast cells, respectively, P = .14), TC (88.9 ± 1.1 vs 88.4 ± .8% fast cells, P = .71), or SOL (99.9 ± .1 vs 99.9 ± .2% slow cells as determined by acid mATPase, P = .99; 99.0 ± .5 vs 99.2 ± .7% slow cells as determined by alkali mATPase, P = .98). Fewer myofibers in SOL were classified as slow using acid mATPase compared with alkali mATPase (P = .029). There were no other differences due to birth weight or postnatal nutritional categories in the proportion of fast and slow muscle fibers in ST, SOL, or TC, apart from a lower proportion of fast fibers in ST of Base-H compared with the BWE-L lambs (87.5 vs 91.0% fast cells, LSD = 3.5% and pooled SE = 1.1% fast myofibers). No significant relationships between myofiber type and age or muscle weight were evident. 
Muscle Cross-sectional Area
Myofibers per Unit of Cross-sectional Area
Myofibers per unit of cross-sectional area tended to be greater in Base-L than in Base-H lambs (3,833 ± 666 vs 2,419 ± 371 myofibers per mm 
Discussion
This study shows that birth weight had a small but significant effect on muscle weight during postnatal growth in lambs and that this influence was mediated, at least in part, via effects on the amount of DNA in muscle, and not by number of myofibers. This result is consistent with the conclusions of Beermann (1983) that the number of myonuclei in muscle is a more important determinant of growth potential than is myofiber number. Our results also demonstrate that all muscles are not affected equally by variation in prenatal and postnatal nutrition. Furthermore, they emphasize the ease with which muscle growth can be altered by nutrition, particularly during the early postnatal period, consistent with our results for whole-body composition (Greenwood et al., 1998) .
The finding that myofiber number was unaffected by birth weight, despite the small newborns having only 45% of the BW at birth of their large counterparts, contrasts with the results of Everitt (1965 Everitt ( , 1968 and Swatland and Cassens (1973) . Everitt's finding of large differences in number of muscle cells at 90 and 140 d of gestation is probably due to two factors. First, extremely severe nutritional restriction was imposed throughout gestation to create different rates of fetal growth, to the extent that some ewes died. Second, the sampling procedures used (Everitt, 1965) may have biased the results toward greater estimated number of myofibers in muscles with larger myofibers and greater cross-sectional area at the same fetal age. This is likely to have resulted from counting of relatively few myofibers, and failure to account for nonfascicular tissue in estimation of myofiber number. Severe nutritional restriction commencing at mating was also imposed by Swatland and Cassens (1973) . In the present study, ewes were well-fed throughout pregnancy, and variance in birth weight in our fetal growth retardation model is mostly attributable to placental limitation of fetal growth during the final third of pregnancy in ewes with multiple fetuses in one or both uterine horns (P. L. Greenwood and A. W. Bell, unpublished) . Furthermore, we made rigorous attempts to limit error due to myofiber counting methods, as discussed later.
Previous studies have suggested that, in sheep, myogenesis is completed between d 80 and 125 of gestation (Ashmore et al., 1972; Swatland and Cassens, 1973; Maier et al., 1992) . The present results are consistent with this timing, in that myofiber number was apparently established by ∼100 d of gestation, after which fetal nutrient supply becomes an increasingly important determinant of fetal growth in the sheep (Mellor, 1983) . However, variable effects of fetal growth retardation on muscles at birth and during postnatal growth were observed, and it is yet to be established to what extent the timing of cessation of myogenesis, and the number of muscle satellite cells and accumulation of myonuclei, may differ between muscles due to nutrition. In this regard, delayed completion of myogenesis due to reduced fetal nutrient supply was reported for soleus but not biceps brachii of guinea pigs (Ward and Stickland, 1991) or semitendinosus of pigs (Wigmore and Stickland, 1983) , and reductions in satellite cell numbers following prenatal growth retardation have been reported in rodents .
The findings of the present study support the notion proposed by Hunt (1995) that severe fetal growth retardation of lambs, and other ruminants, may result in similar number of myofibers as in well-grown fetuses at completion of myogenesis, but with fewer nuclei per fiber. This scenario would allow the developing muscle to be buffered from loss of structural and functional integrity due to inadequate fiber number when nutritional constraints are imposed. However, it implies the need for a period of compensation for attainment of a full complement of myonuclei to support requirements for normal muscle growth and mature muscle size.
Low-birth weight newborn lambs had less muscle DNA than their large counterparts, indicative of fewer myonuclei. These lambs also had a lower ratio of muscle protein:DNA at birth, as observed during early postnatal growth retardation in sheep (Norton and Walker, 1970) and in other species (Robinson and Lambourne, 1970; Widdowson, 1971) . During postnatal growth, when the availability of nutrients was restored to a level equivalent to that available to the high-birth weight lambs, the low-birth weight lambs continued to have less DNA at any given muscle weight. As a consequence, during the postnatal rearing period the small newborns had greater muscle protein:DNA ratios at equivalent muscle weights. This ratio, the so-called DNA unit, is believed to be a primary factor in the regulation of growth and volume of muscle (Cheek, 1985) . We, therefore, predict that low-birth weight lambs will achieve the maximum ratio of muscle protein:DNA at a smaller muscle size and EBW than the high-birth weight lambs and, despite this apparent compensation, will have smaller muscles at mature size.
Overall, the results of this and other studies suggest that permanent impairment of lean growth potential of sheep may only be imparted by undernutrition during pregnancy, in particular, during the last third of pregnancy. No data seem to have been published on effects of prenatal nutrition on mature muscle size and body composition in sheep, although reductions in size at birth due to prenatal undernutrition during late but not early pregnancy persisted to at least 3 yr of age (Everitt, 1967; Schinckel and Short, 1961) . Furthermore, maternal undernutrition during late pregnancy resulted in lower mature weights of offspring up to 5.5 yr of age (Reardon and Lambourne, 1966; Gunn, 1977) . In contrast, severe nutritional restriction of lambs during the first 5 to 6 wk of postnatal life did not impair subsequent growth, including that of muscle, to 4 mo (Tulloh et al., 1986) , 12 to 14 mo (Hopkins and Tulloh, 1985) , and 3 yr of age (Krausgrill et al., 1997) . Similarly, the present study, consistent with the findings of Johns and Bergen (1976) , did not find any effect of postnatal nutritional treatment on DNA content of muscle when assessed relative to weight of muscle. It is, therefore, likely that accumulation of myonuclei by the fetus is a most important developmental factor for regulation of postnatal growth potential of ovine muscle. Clearly, elucidation of factors regulating myonuclei accumulation in the fetal sheep and other livestock species warrants further investigation.
Although the restriction on postnatal growth was only moderate in the present study, effects of fetal growth retardation on muscle weight during postnatal growth were more pronounced in small, slowly grown newborns, whereas rapid weight gain largely ameliorated birth weight-related differences in growth of muscle. Additive effects of restricted prenatal and postnatal nutrition on mature size of offspring (Gunn, 1977) and growth of sheep to 3.5 yr have been observed (Schinckel and Short, 1961) . These results suggest that nutrient restriction during the early postnatal period may have further impact on the muscle development of the growth-retarded newborn. Certainly, the duration of undernutrition is an important factor in determining the permanency and extent of reduced body size (Widdowson, 1973) .
Present results for validation of sampling procedures for myofiber counting suggest potentially high levels of error in estimates of muscle fiber number due to sampling methods used in studies of this type. Others have used image analysis to enumerate fibers , but validations of results were not presented. Difficulties remain with histological determination of myofiber number in muscles of livestock species (Swatland, 1994) , not the least of which are potential errors resulting from subsampling techniques and the impracticality of preparing and counting entire cross-sections in large, economically important muscles. An automated flow cytometric method of enumerating myofibers has been developed and validated with small muscles (Thompson et al., 1979) . This approach warrants further serious consideration to investigate number and morphometric characteristics of myofibers in economically important muscles. The use of more reliable and practical procedures would help to more conclusively establish whether nutritional modulation of myofiber number is of importance to the meat industry. Such procedures would also allow a reevaluation of results of studies with methodological shortcomings and may provide a tool for use in genetic selection programs.
In conclusion, the results of this study are consistent with the reality that sheep and other ruminants have evolved to maximize survival of relatively few offspring in their lifetime compared with litter-bearing species. As a result, their offspring seem to be extremely well buffered against nutritional influences on myogenesis, in order to ensure structural and functional integrity of muscle. However, possible epigenetic influences during late gestation and early postnatal life may have a role in modulation of postnatal growth potential and mature size of sheep, in accordance with availability of nutrients. Furthermore, the results highlight the ease with which early postnatal muscle growth can be altered by nutrition.
Implications
Accumulation of myonuclei during fetal growth may regulate longer-term growth potential of muscle in sheep. Limitations to current methodologies used to quantify myofibers in livestock need to be further overcome to more precisely map cellular ontogeny of muscle and regulation of these processes. There is also a need for titration experiments to determine early postnatal growth rates and nutritional regimens that optimize both muscle accretion and feed efficiency in meat sheep genotypes.
